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1. INTRODUCTION 

A multi-robot system (MRS) consists of multiple collaborating robots that are capable of physical 
movement and they must physically engage with one another. Multi-agent systems (MAS) contain a group of 
computers that work to complete a mission, with individual nodes remaining stationary. In the MRS, the 
agent is a robot, while in the MAS, it is the software [1]. Multi-agent robot systems (MARS) research efforts 
have increasingly been performed since the late 80 s because they produced higher and more detailed results 
than those of a single robot. ACTRESS and ALLIANCE robots are the first heterogeneous multi-agent 
robots. The benefits of information sharing among agents, data fusion, and distribution of tasks, time, and 
energy consumption have rendered MAS research important up to the present [2]. 

All the applications involving multiple autonomous robots that belong to the category of MAS can 
be named MARS. At the same time, MAS is related to the category of distributed artificial intelligence 
(DAIs) [3]. MARS promises to allow new mission groups of aerial, aquatic, and ground applications at a 
lower cost than that of monolithic systems. Specifically, MARS has a notable use in the unmanned aerial 
vehicle (UAV) surveillance aircraft, observation satellites, and multi-layered exploratory spacecraft for 
planets. Several algorithmic models have been suggested to govern the sharing of information of such 
systems, extending from low-level position control to high-level motion planning and task allocation [4]. 
Most of the related papers that were published from 2017 to 2021 have been reviewed. Herein, readers 
should not confuse MRS with MASs and DAIs. For this purpose, the problem statements are demonstrated as 
following: i) to reach the purpose of the tasks of MAS, it is hard or impossible to define accurately and 
correctly the behavior as well as the activities of MAS due to the system design; ii) one of the most difficult 
challenges for MRS is to develop effective coordination strategies among robots to enable them to execute 
operations effectively in terms of time and working space; and iii) research has been started to use multiple 
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robots to overcome the problems in a changing workspace and to accomplish a specific task. In MARS, a 
mobile robot may work as an agent and an MRS as MAS. It has been shown that there are a variety of 
approaches for designing a mobile robot as an agent, and it seems to be extremely challenging to find a 
standard representation to explain and evaluate these approaches. 

The paper is structured into five sections: section 2 explains the proposed research methodologies 
for MARS. Section 3 discusses the results of the application of MARS. Section 4 highlights the proposed 
system and design application. And the conclusions are given in section 5. 


2. RESEARCH METHOD 

The research method has been structured into three parts; the first part focuses on multi-agent 
systems definitions, structures, and applications. In the second part, the mobile robot system was studies. 
Ending with the third part when the challenging issues of the multi-robots system were presents. 


2.1. Multi-agent systems 

Multi-agent systems (MAS) is a part of distributed artificial intelligence that intersects at two study 
areas: artificial intelligence and distributed computing [5]. It has a set of intelligent agents that communicate 
with each other and with the environment [6]. Distributed computation is an area that aims at studying how to 
solve one computing problem that might occur in most processors. The fundamental goal of these processors 
is to reach their parallelism and synchronization by using data linked for problem-solving. The area of 
distributed artificial intelligence results from a fusion of distributed computing and the development of 
artificial intelligence [7]. The integration of MAS, consensus issues in autonomous MR, and sensor networks 
were investigated in light of the recent increase in distributed control applications with network mobile 
robots and sensor networks for mobile agents. Two novel algorithms with swapping topologies were 
proposed: (back-tracking) as well as (history following) [8]. The difficulties that may arise from dealing with 
intermittent data transmissions and determining when inter-agent communication needs to be executed to 
ensure the desired formation performance give rise to schedule inter-agent communications. A new dynamics 
event-triggered communication mechanism (DECM) was created forming a protocol [9]. Interactions among 
agents are required in MAS. The collective goal was achieved as a result of these interactions [10]. An agent 
is a system of the computer that works autonomously and flexibly in any environment to accomplish the 
goals [11]. Figure 1 shows an agent in the environment [6]. Thus, through the use of a multi-agent system, 
global goals may be accomplished through sensing, knowledge sharing by communications, computing, and 
control [12]. The algorithms of MAS help users to manage all the groups of agents without the need to send 
the command to each one of the search and rescue missions, satellite formation control, surveillance drones, 
package delivery robots, and military weaponry systems development [13]. 
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Figure 1. An agent in the environment [6] 


The applied MAS is platform-independent, resource-friendly, and thus it is suited for a wide variety 
of devices and usage cases [14]. Several criteria have been selected to divide the structure of the multi-agent 
architecture. Table 1 summarizes the categorizations of multi-agent architectures focusing on task division 
and operation and centralization of data [7]. 


Table 1. The categorizations of MAS structures [7] 


Type Leader agent _ Mediating agents _ Parallelism, fault tolerance, and scalability 
Centralized MAS Yes No More difficult 
Decentralized MAS No No Yes 
Federated MAS No Yes Yes 
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Figure 2 demonstrates the structure of MAS that describes a society of autonomous communicating 
components devoted to providing solutions for high scale problems, as opposed to a system dependent on 
either a single entity or agent, which could be a barrier due to insufficient resources or failure at a critical 
time [15]. The MAS has found multiple applications, including open-source software, communication- 
computer networks, motion coordination, an E-learning MAS, and an unknown environment. The significant 
features of MAS, such as efficiency, low cost, flexibility, and reliability were marked as good solutions to 
resolve difficult goals. MAS has been conducted in many research works using open-source software to 
create a new multi-agent framework open-source software (MAFOSS). It was used to implement algorithms 
for multi-agent applications [16]. MAS is one of the most influential and promising ‘approaches’ to promote 
the internet of things (IoT) and cyber-physical systems (CPS) technologies. MAS is highly adaptable and this 
leads to enable the implementation of cooperative/competitive distributed thinking robustness, 
reconfigurability, reusability, and partial technology independence [17]. The unsolved problem of multi- 
agent simultaneous localization and mapping (SLAM) is the combining of maps generated by different 
agents throughout the algorithm. The stable way out is to use more computing agents to discover the 
environment faster than a single one to reduce the load of each agent [18]. Another field of application is the 
stochastic aspect of simultaneous perturbation stochastic algorithms (SPSAs) that contributed to the agent 
motion coordination during the simultaneous perturbation vector operation, where the agent is thought to be 
able to move arbitrarily depending on the Bernoulli distribution [19]. A multi-agent system for automation of 
learner’s support in a collaborative e-learning platform was studied as well as pre-assess students’ prior 
learning, classify their skills, and make a recommendation for appropriate material suitable to their needs 
[20], [21]. This research is useful in a situation that involves four agents and four desired target points. For 
large-scale (MASs), the development of completely decentralized cooperative control (consensus, creation, 
and containment) is underway for the homogeneous linear time-invariant (LTI) MASs. A modern time- 
varying formation (TVF) shape format was proposed, as well as a unified framework for designing fully 
decentralized controllers based on performance measurements [22]. 
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Figure 2. Structure of MAS [15] 


2.2. Mobile robots system 

Mobile robots can navigate through environments and communicate with each other using sensors 
and actuators [23]—[25]. Globally, substantial resources have been dedicated to robotics research and 
development, autonomous mobile robots, physiological reactions, and robot collaboration. Therefore, mobile 
robots will be widely used in industry and homes in the immediate future [26], [27]. There are two types of 
mobile robots: autonomous mobile robots (AMR) and autonomous guided vehicles (AGV). The main 
difference between AMR and AGV is related to the autonomy mechanism. An AGV navigates in a pre- 
defined area on a pre-defined route using physical directions. Global positioning system (GPS)-aided AGV 
can navigate its way to a target in an obstacle-free outdoor environment depending on its calculation of the 
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shortest path and use the corresponding GPS data 96. AGVs have long been used in manufacturing, but they 
have recently been replaced by AMR. AGVs are well-suited to repetitive activities, such as line-follower 
robots that are often built and manufactured for specialized purposes. AGVs cannot make decisions because 
of the lack of a decision system based on artificial intelligence. Therefore, the roles that they would execute 
must be meticulously prepared and all information must be defined to them by the programmer. In this 
context, AGVs operate according to pre-programmed instructions and protocols that make the quick 
transition impossible. Therefore, the biggest drawback of AGVs is their inability to rapidly execute shifting 
functions [24]. Hence, to develop the various task achievement conception of the transport system for AGVs, 
it is necessary to create an automated warehouse, where packages are delivered by mobile vehicles 
(agents) [28]. As a result, the importance of route planning in the setting and avoiding collisions among 
agents in a multi-agent structure is considered the biggest challenging issue. 

Recently, the movement of autonomous mobile robots (AMRs) can occur safely in cluttered 
environments, comprehending natural voices, identifying actual things, locating and navigating themselves, 
designing routes, and performing self-thinking. AMRs were designed using intelligent, cognitive, and 
behavior-based management methodologies and technologies for maximizing output variability by keeping 
input dictionaries and technical sophistication to a minimum. As a result, AMRs fall into the general category 
of intelligent robots. A computer that can extract information from its environment and use knowledge about 
its function to transfer safely in a meaningful and purposeful manner is described as an intelligent robot. 
In general, a robot is described as a computer that makes an intelligent link between perception and 
behavior [29]. Future factories and warehouses would use a fleet of autonomous robots that will operate 
together to achieve a shared target established by the enterprise system with minimal human involvement 
using cloud robotics platforms that can support this type of collaboration. The design of a fleet management 
system for a community of autonomous mobile robots (AMR) is utilized in three configurations: single- 
master, multi-master, and cloud robotics platforms [30]. 

In a community of mobile robots, each robot will have its route planning approach. For a multi-robot 
mission, the strategy designed for a single robot may be integrated. This can be accomplished by multi-robot 
system coordination (MRSC). To obtain optimal synchronization in all stages of MRSC, all robots in the 
group will maintain a particular geometric pattern of movement. A system for controlling and coordinating a 
community of non-holonomic mobile robots equipped with range sensors was demonstrated with an 
emphasis on trajectory generation and data sharing [31]. To achieve synchronization among multiple robots 
in a group, various control approaches have been developed such as the leader-follower method (LFA), in 
which one robot serves as a leader, whose motion sets the direction for the whole group [32]. 

In addition, MRS is used in a wide range of applications that are conducted to simplify the life of 
humans such as in health care [33], where the MRS is handling the coronavirus disease 2019 (COVID-19). 
This task was accomplished by disinfecting both the human body and the outer environment [34]. The 
contribution of MRS in education was by using the eduMorse as an open-source tool to create a novel 
framework for education in the scope of mobile robots. The goal of eduMorse is to help students bridge the 
difference between theoretical principles and functional application by exposing them to problems such as 
route planning and triangulation without having to focus on a real hardware network, but also in a concrete 
setting [35]. The applicability of mobile robots to support the elderly for the future is made by visual 
interaction, in which robots can follow human movements and avoid undesired actions. Therefore, mobile 
robots must be able to detect human movements in a residential environment and use cloud-based intelligent 
robot platforms with multiple control methods. Various modes for controlling the robot were presented based 
on the robot's vision system, and then to complete that movement, the mobile robot recognizes human control 
orders on one side [36]. In an emergency relief scenario, the multi-agent (MA) architecture was used to 
intelligently control aerial robots. It was used to develop and create a multi-agent framework for intelligent 
management of cooperative flight drones and quadcopters so that they can conduct a fast, yet efficient survey 
of the disaster site following an earthquake for which detection systems are still ineffective [37]. The 
majority of autonomous robots come with an intelligent control system that greatly expands their capabilities. 
Even though the population is entirely heterogeneous, the intelligent control scheme offers possibilities for 
autonomous robotics group management, where any of the robots can operate in the miscellaneous robot's 
environment without disrupting others [38]. The big goal is to use cloud computing to enable a mobile robot 
vision system to reliably meet real-time constraints. Thus, the human cloud mobile robot (HCMR) 
architecture with a data flow process was suggested in [39] by simplifying computing activities, distributing 
workloads, parallelizing work among cloud computation nodes to reduce the capacity of data transmitted and 
retrieved between the mobile robot and the cloud server. 

When several processing units are used, a distributed system is created inside a single robot. As a 
result, the system architecture is much more critical in multi-computer robots than it is in single-computer 
robots. For robotic systems, the concept of a modular and distributed device architecture was developed 
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in [40]. Since most works are centralized, there are currently few studies relevant to a decentralized MRS. As 
a result, a proposal for the development of a decentralized MRS for tracking and surrounding a stationary 
goal was suggested in [41]. While the usage of autonomous mobile robots in warehouse systems has yielded 
notable benefits such as increased efficiency, better room utilization, and lower operating costs, the high 
complexity and versatility of mobile vehicles have created a resource-competitiveness challenge [42], [43]. 
The use of blockchain in conjunction with other distributed platforms, such as robotic swarm systems, will 
provide the capabilities needed to render robotic swarm operations more protected, autonomous, scalable, 
and even productive, by utilizing the robots as nodes within the network and enveloping their transactions in 
chains. The mixture of blockchain technologies and swarm robotic systems will provide creative solutions 
[44]. The mobile robots are fitted with sensors that determine the robot's distance from the space in which the 
items they pass are located. Therefore, measurements are still associated with noise signals, and hence filters 
are used to get an approximation of the direction and inclination of the mobile robot trajectory through space 
and planning [45]. On the other hand, a position sensor based on computer vision was established to offer 
information about the real-time position of the robots on the platform when the Khepera IV robot was used as 
platform. It was used due to its flexibility and because it builts-in sensors [46]. 


2.3. The challenges of multi-robot systems 

Autonomous mobile robots faces many challenges. These challenges have been studied by many 
researchers to solve the tasks in this field. The major challenges are related to free navigation, localization, 
path planning, and static and dynamic obstacle avoidance. These challenges are summarized in Figure 3 [47]. 
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Figure 3. Challenges of autonomous mobile robots [47] 


Obstacle avoidance between the mobile robot and obstacles is an important issue for mobile robot 
systems [48]-[51]. In complex environments, the mobile robot cannot achieve precise locations such as on 
slippery surfaces [52]. The navigation of mobile robots is considered the most difficult problem in robotics 
systems. Model-based methods and behavioral-based methods are the two types of navigation methods. 
Robots being stuck in front of obstacles are a common problem in robot navigation. Recently, researchers 
used soft computing methods for navigating mobile robots since they are more effective than other current 
methods [53]-[57]. Moreover, a single mobile robot used as a leader can be employed for navigation while 
the rest of the mobile robots are instructed to follow it. The arrival of a new survey site enforces a new 
restriction to the navigation plan. As a result, the mobile robot that serves as the leader must consider this 
latest site [58]. The main condition to successful navigation is the ability to localization and building maps of 
unknown environments used for a mobile robot, which is also called simultaneous localization and mapping 
(SLAM) [59]. The locomotion system is an essential part of mobile robot design that takes into account not 
only the medium where the robot moves but also other elements including maneuverability, controllability, 
topographical conditions, efficiency, and stability [60]-[62]. The navigation framework with both a local 
path planner and global path planner is shown in Figure 4 [63]. 

The autonomous mobile robot path planning is an essential task in real life for the last few 
decades [64]-[67]. There are some path planning strategies, likes combinatorial method, sampling-based 
method, and bio-inspired method [68]. The optimal path planning for multiple goals finding tasks is achieved 
by a genetic algorithm [69], [70]. To be safe during navigation from the start configuration to the target 
configuration, it is necessary to find a collision-free motion in an obstacle-prone environment [71]—[74]. Path 
planning is extremely important in motion planning and cooperative navigation of several robots. The 
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problem of multi-robot path planning is still extremely difficult due to its high difficulty and the existence of 
hard non-deterministic polynomial-time problems [75]. Figure 5 shows the path planning categories [76]. 
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Figure 4. The navigation framework with both a local path planner and global path planner [63] 


The path planning problem in a multi-robot system is challenging, because finding the best 
collision-free paths are affected by dynamically changing environments due to the robots' movement [77]. 
The main constraints in robot navigation, and thus path planning in various mediums, can be summarized by 
dynamic environments, movement restriction, inland robots, energy efficiency, situational awareness, 
atmospheric conditions in ground robots, surface robots, under actuation and environmental effects in aerial 
robots, winds, and water depth [78], [79]. An optimized path planning approach capable of adapting to a 
changing setting was developed by integrating the advantages of online and offline methods [80]. At large 
system scales, finding decentralized path planning and coordination solutions is key to efficient system 
performance [81]. According to the planning scope, path planning in the navigation system of mobile robots 
can be divided into global and local planning [62], [82] Another kind of multi-agent path finding is known as 
multi-agent observation planning when the multi-agent path-finding problem is reformulated to provide 
protection requirements in a way that the routes of the mobiles are arranged simultaneously with an 
observation plan [83]. 
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Figure 5. Path planning categories [76] 


3. RESULTS AND DISCUSSION 

In this section, many papers related to application of MARS were presented. For each paper, the 
most important points such as: (motivations, contributions, and limitations) were listed and summarized in 
Table 2. In addition, solving the limitation point for each paper was suggested. At the end, a discussion was 
provided. 
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Table 2. The most important points that are related to MARS 


Ref. Motivation Contribution Limitation points Solving the limitation point 

[84] Developing a systematic Creation of complete middleware to 1-Dynamic changes of Negotiation factors were 

approach that implements a allow autonomous mobile robot negotiation factors. improved by [3]. 
modular decision method for decision-making in harsh and dynamic 2-Integration of additional 
generic robot collaboration environments. theorem solvers. 
systems. 3-Semantic matching of 
suggestion values. 

[85] Cooperation and integration Improvement of the multi-agent system The system is particularly Not addressed in any of the 105 
(ROS) between the UAV and using many different scenarios. in the simulation stage of references listed in this review. 
the Unmanned ground vehicle development. 

(UGV) autonomous robots. 
[86] Achieving robust plan 1-The hybrid robot software architecture. 1- Safety conditions of | Not addressed in any of the 105 
execution of autonomous 2-The Auto Robot multi-agent robot behaviors. references listed in this review. 
robots in dynamic improvement framework. 2- The problem of task 
environments. allocation. 
3- Unified interfaces for 
sensor data. 
[87] Developing aheterogeneous Studying of mobile agents in a simulation It is still in the stage of | Not addressed in any of the 105 
multi-agent system (MAS) of environment integrating robot operating simulations. references listed in this review. 
the group (UAV) and system (ROS), virtual robot 
(UGV). experimentation platform (V-REP) 
simulation environment, and Java agent 
development framework 
(JADE) multi-agent system. 
88] The problem of the collective Using a homogeneous mobile robot Reducing the accuracy of the This limitation was fixed in 
mapping of an undefined team to describe a distributed multi- final maps, as well as creating [89]. 
indoor environment from a agent collaborative approach for fictitious obstacles. 
homogeneous MR team. indoor environment mapping. 

89] Distributed SLAM is a major Suggesting a novel multi-agent system The system lacks proof of Not addressed in any of the 105 
challenge in multi-robot systems. for the SLAM. stability and convergence. references listed in this review. 

90] Exploring unknown Using extended particle swarm Used just one optimized This limitation was enhanced in 

environments. optimization (PSO) for controlling multi- algorithm (PSO), Unstable [75]. 
cooperative robot exploration in an network communication. 
unknown environment. 
91] Using multi-master systems Implementation of a decentralized It does not take the wireless Not addressed in any of the 105 
for controlling wireless control architecture based on multi- security among robots and references listed in this review. 
networking communication master systems. base stations. 
with multiple robots. 
92] Employing a multi-robot Using common ontology and It is still in the stage of A multi-robot system agent- 
system as an agent-based reinforcement learning as an agent simulations, not application based model was applied in a 
system for distributed systems adaptability feature to provide a multi- in real-time. real environment in [93]. 
for simulation purposes. robot system agent-based model. 
93] Decentralized collaboration in Suggesting spatial intentions maps as The system works in the Not addressed in any of the 105 
multi-agent robots. a modern way of communicating presence of static obstacles, references listed in this review. 
intent for enhanced multi-agency not in the presence of dynamic 
reinforcement learning collaboration. ones. 
94] Controlling distributed The implementation of a decentralized Used an old SLAM Filatov and Krinkin [18] used a 
autonomous engineering system of high-level control for a set algorithm. modern algorithm. 
artifacts (agents). of mobile robots (MR). 

95] A multi-agent path finding Presenting (ros-dmapf), a distributed It is not an easy way for A deep learning model was used 

(MAPF) problem. (MAPF). navigating dense maps and to solve the limitation in [96] 
it is not fit on maps with 
obstacles. 

97] The need for robots that can Presenting extensions to the simple pre- Sensors, actuators, vision, Not addressed in any of the 105 
comfortably communicate with existing DALI implementation, which and other physical references listed in this review. 
humans in daily environments. adds a lot of useful new functionality, elements are not 

including the ability fora DALI MAS discussed in this article. 
to communicate with robots. 
[98] Distributed control of multi- 1- Asymptotic exponential functions The system is based on the This limitation was solved by 
agent systems (DC-MAS). and graph theory are used. nonlinear kinematics model [55], [99] 
2-For multi-agent nonholonomic wheeled and the controller is suggested 
robot systems, in which the issue of to be of the fixed-gains 
distributed formation control is solved. control parameters. 
[100] Automated cruise control for Presenting a class of Non-smooth barrier The system doesn't include This limitation was solved by 
safety in robot swarms. functions (NBFs) and allowing temporal logic the Martinez et al. in [101] 
formulation of Boolean compositional specifications for NBFs. 
NBFs via max. and min. operators. 
[102] A problem within the standard The proposed modified broadcast The method does not Not addressed in any of the 105 
broadcast control framework. controller was confirmed to reach the incorporate collision references listed in this review. 
convergence w.p.1. avoidance into the broadcast 
controller to protect the robots 
from damage, 

[103] Cooperative of mobile robots. Proposed a nearest zero-point algorithm The algorithm is in the stage Not addressed in any of the 105 

of simulations. references listed in this review. 

[104] Coordination of mobile robots. Propose an approach used for motion 1-The algorithm is in the A petri-net architecture 

planning of a swarm of MAMR depend stage of simulations. combined with the navigational 
on simple rules. 2-Used just one optimized strategy was used to solve the 
algorithm. limitation in [105]. 
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This review focused and discussed MARS in various real-world applications. Particularly, from 
Table 2, we can discuss the results of the application that were divided into three parts. The first part was 
related to MAS, the second one was related to MAR, and finally, the third part was related to MARS. Many 
challenges and limitations have been demonstrated and they prevent high efficiency of the performance of 
MARS in the real world. The most crucial challenges are related to path planning, controller design, obstacle 
avoidance, real-time computing, and reduction of energy consumption. Another essential problem is 
communication among robots, which greatly affects the system's performance. The researchers provided 
several solutions to overcome the challenges and limitations such as those in [2]; including broadcasting the 
information to the robots by sending information directly to them and avoiding losses and time delay during 
the transmission process. 


4. THE PROPSED SYSTEM AND DESIGN APPLICATION 

The proposed system for the real-time applications of the multi-agent robot system is shown in 
Figure 6, which consists of five mobile robots that are distributed in a building that has five floors. Each 
mobile robot has a specific function in each floor with a different map environment. The process of 
management and control of each mobile robot is controlled by the main server (management robot systems). 
Figure 7 shows the proposed architecture with the layers of management of the robot system presenting the 
function of each part. Most of the limitations that were found in other research works will be overcome in 
this proposed system, such as designing path planning with static and dynamic obstacles avoidance; 
communication network and the real-time computer control using the proposed hybrid meta-heuristic 
algorithms, secure network communication, and an adaptive intelligent controller for each robot, 
respectively. 
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Figure 6. The proposed system 
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Figure 7. Architecture layers of the proposed system 


5. CONCLUSION 

A multi-agent robot system (MARS) is a system in which robots work together to achieve a given 
task by moving around in the environment. Generally, a fully autonomous mobile robot is considered as an 
agent. The present paper attempted to provide a global overview of a large number of publications in the 
area. In this article, studies of existing applications in multiple disciplines, the challenges in developing 
MARS, and the methods to study MARS performance were presented. Moreover, the existing works in each 
sub-field were surveyed and discussed. MARSs are still facing many limitations and challenges in different 
areas, such as the algorithm in the stage of simulations, the real-time processing, the unstable communication 
among the mobile robots and the base station, and the safety issue. In addition, complex obstacles are still to 
be investigated, where task connectivity preservation and collision avoidance issues are important. Many 
applications associated with MARS were presented including finding the best path planning, exploring 
unknown environments, and rescuing missions after a disaster in an urban area. As an application of this 
review, our research proposed a system for an environment that includes many robots distributed in a 
building having five floors to do a variety of tasks. 


REFERENCES 

[1] W. T. Botelho et al., “Toward an interdisciplinary integration between multi-agents systems and multi-robots systems: a case 
study,” The Knowledge Engineering Review, vol. 35, pp. 1-24, Aug. 2020, doi: 10.1017/S0269888920000375. 

[2] Z. Hilmi Ismail and N. Sariff, “A survey and analysis of cooperative multi-agent robot systems: challenges and directions,” in 
Applications of Mobile Robots, IntechOpen, 2019, pp. 8-14. 

[B] L. Siefke, V. Sommer, B. Wudka, and C. Thomas, “Robotic systems of systems based on a decentralized service-oriented 
architecture,” Robotics, vol. 9, no. 4, pp. 78—100, Sep. 2020, doi: 10.3390/robotics9040078. 

[4] N. A. K. Zghair and A. S. Al-Araji, “A one decade survey of autonomous mobile robot systems,” International Journal of 
Electrical and Computer Engineering (IJECE), vol. 11, no. 6, pp. 4891-4906, Dec. 2021, doi: 10.1159 I/ijece.v1116.pp4891-4906. 

[5] J. Rocha, I. Boavida-Portugal, and E. Gomes, “Introductory chapter: multi-agent systems,” in Multi-agent Systems, InTech, 2017. 

[6] O. Achbarou, M. A. El Kiram, and S. Elbouanani, “Cloud security: a multi agent approach based intrusion detection system,” 
Indian Journal of Science and Technology, vol. 10, no. 18, pp. 1-6, May 2017, doi: 10.17485/ijst/2017/v 10i18/109044. 

[7] M. Hajduk, M. Sukop, and M. Haun, Cognitive multi-agent systems, vol. 138. Cham: Springer International Publishing, 2019. 

[8] Y. V. Karteek, “Design and implementation of consensus in multi-agent systems with input and communication time-delays,” 
Indian Institute of Technology Guwahati, 2018. 

[9] X. Ge and Q.-L. Han, “Distributed formation control of networked multi-agent systems using a dynamic event-triggered 
communication mechanism,” IEEE Transactions on Industrial Electronics, vol. 64, no. 10, pp. 8118-8127, Oct. 2017, doi: 
10.1109/TIE.2017.2701778. 

[10] H. Elbasri, A. Haddi, and H. Allali, “Design of a multi-agent system using the ‘MaSE’ method for learners’ metacognitive help,” 


A review of multi-agent mobile robot systems applications (Ammar Abdul Ameer Rasheed) 


3526 O ISSN: 2088-8708 


International Journal of Electrical and Computer Engineering (IJECE), vol. 9, no. 3, pp. 2033-2040, Jun. 2019, doi: 
10.11591/ijece.v9i3.pp2033-2040. 

[11] E. G. Nihad, K. Mohamed, and E.-N. El Mokhtar, “Designing and modeling of a multi-agent adaptive learning system (MAALS) 
using incremental hybrid case-based reasoning (IHCBR),” International Journal of Electrical and Computer Engineering 
(IJECE), vol. 10, no. 2, pp. 1980-1992, Apr. 2020, doi: 10.11591/ijece.v10i2.pp1980-1992. 

[12] M. M. Gulzar, S. T. H. Rizvi, M. Y. Javed, U. Munir, and H. Asif, “Multi-agent cooperative control consensus: a comparative 
review,” Electronics, vol. 7, no. 2, Feb. 2018, doi: 10.3390/electronics7020022. 

[13] P. Gevargiz, “Cooperative control of multi-agent systems,” California State University Northridge, 2020. 

[14] L. A. Cruz Salazar, F. Mayer, D. Schütz, and B. Vogel-Heuser, “Platform independent multi-agent system for robust networks of 
production systems,” IFAC-PapersOnLine, vol. 51, no. 11, pp. 1261—1268, 2018, doi: 10.1016/j.ifacol.2018.08.359. 

[15] L. Wilfried, “Self-reconfigurable manufacturing control based on ontology-driven automation agents,” Ph.D. dissertation, Wien 
Univ, 2018. 

[16] E. Jones, D. Adra, and M. S. Miah, “MAFOSS: multi-agent framework using open-source software,” in 2019 7th International 
Conference on Mechatronics Engineering (ICOM), Oct. 2019, pp. 1—6, doi: 10.1109/ICOM47790.2019.8952052. 

[17] D. Calvaresi et al., “Multi-agent systems’ negotiation protocols for cyber-physical systems: results from a systematic literature 
review,” in Proceedings of the 10th International Conference on Agents and Artificial Intelligence, 2018, pp. 224-235, doi: 
10.5220/0006594802240235. 

[18] A. Filatov and K. Krinkin, “Multi-agent SLAM approaches for low-cost platforms,” in 2019 24th Conference of Open Innovations 
Association (FRUCT), Apr. 2019, pp. 89-95, doi: 10.23919/FRUCT.2019.8711929. 

[19] N. Binti Sariff and Z. H. Ismail, “Simultaneous perturbation stochastic algorithm parameters effect towards multi agent robot 
broadcast controller,” in 2017 IEEE 7th International Conference on Underwater System Technology: Theory and Applications 
(USYS), Dec. 2017, pp. 1—6, doi: 10.1109/USYS.2017.8309456. 

[20] I. Matazi, R. Messoussi, S.-E. Bellmallem, I. Oumaira, A. Bennane, and R. Touahni, “Development of intelligent multi-agents 
system for collaborative e-learning support,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 7, no. 2, 
pp. 294-305, Jun. 2018, doi: 10.1159 1/eei.v7i2.860. 

[21] K. E. Ehimwenma and S. Krishnamoorthy, “Design and analysis of a multi-agent e-learning system using prometheus design 
tool,” IAES International Journal of Artificial Intelligence (IJ-Al), vol. 10, no. 1, pp. 9-23, Mar. 2021, doi: 
10.1159 1/jai.v10.il .pp9-23. 

[22] W. Jiang, “Fully distributed time-varying formation and containment control for multi-agent/multi-robot system,” Ecole Centrale 
de Lille, 2018. 

[23] A. Pandey, “Mobile robot navigation and obstacle avoidance techniques: a review,” International Robotics & Automation 
Journal, vol. 2, no. 3, pp. 22-34, May 2017, doi: 10.15406/iratj.2017.02.00023. 

[24] M. Koseoglu, O. M. Celik, and O. Pektas, “Design of an autonomous mobile robot based on ROS,” in 2017 International 
Artificial Intelligence and Data Processing Symposium (IDAP), Sep. 2017, pp. 1-5, doi: 10.1109/IDAP.2017.8090199. 

[25] F. Gul, “A review of control algorithm for autonomous guided vehicle,” Indonesian Journal of Electrical Engineering and 
Computer Science (IJEECS), vol. 20, no. 1, pp. 552-562, Oct. 2020, doi: 10.1159 1/ijeecs.v20.i1.pp552-562. 

[26] N. Naidoo, “A distributed framework for the control and cooperation of heterogeneous mobile robots in smart factories,” 
Kwazulu-Natal University, 2017. 

[27] A. Gil, J. Aguilar, E. Dapena, and R. Rivas, “Emotional model for a multi-robot system with emergent behavior,” IAES 
International Journal of Robotics and Automation (IJRA), vol. 9, no. 3, pp. 220-232, Sep. 2020, doi: 10.1159 1/jra.v9i3.pp220- 
232. 

[28] G. I, N. G., and S. M., “Path planning and collision avoidance regime for a multi-agent system in industrial robotics,” 
International Scientific Journals of Scientific Technical Union of Mechanical Engineering “Industry 4.0,” vol. 11, no. 11, 
pp. 519-522, 2017. 

[29] S. G. Tzafestas, “Mobile robot control and navigation: a global overview,” Journal of Intelligent & Robotic Systems, vol. 91, 
no. 1, pp. 35-58, Jul. 2018, doi: 10.1007/s10846-018-0805-9. 

[30] A. Singhal, P. Pallav, N. Kejriwal, S. Choudhury, S. Kumar, and R. Sinha, “Managing a fleet of autonomous mobile robots 
(AMR) using cloud robotics platform,” in 2017 European Conference on Mobile Robots (ECMR), Sep. 2017, pp. 1—6, doi: 
10.1109/ECMR.2017.8098721. 

[31] J. Cortes and M. Egerstedt, “Coordinated control of multi-robot systems: a survey,” SICE Journal of Control, Measurement, and 
System Integration, vol. 10, no. 6, pp. 495-503, Nov. 2017, doi: 10.9746/jcmsi.10.495. 

[32] M. Balasundaram and S. Muthuswamy, “Implementation of role assignment and fault tree analysis for multi robot interaction,” 
International Journal of Robotics and Automation, vol. 32, no. 3, pp. 214-223, 2017, doi: 10.2316/Journal.206.2017.3.206-4448. 

[33] Y.-C. Wu and H.-C. Wang, “Laboratory environment monitoring and specimen transport robots,” IAES International Journal of 
Robotics and Automation (IJRA), vol. 8, no. 4, pp. 313-326, Dec. 2019, doi: 10.1159 1/jra.v8i4.pp3 13-326. 

[34] P. Megantoro, H. Setiadi, and B. A. Pramudita, “All-terrain mobile robot desinfectant sprayer to decrease the spread of COVID- 
19 in open area,” International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 3, pp. 2090-2100, Jun. 
2021, doi: 10.1159 1/jece.v11i3.pp2090-2100. 

[35] D. De Martini, A. Bonandin, and T. Facchinetti, “eduMorse: an open-source framework for mobile robotics education,” in 
International Conference on Robotics and Education RiE, 2018, pp. 289-300. 

[36] L. Zhang and K. Zhang, “An interactive control system for mobile robot based on cloud services,” Concurrency and 
Computation: Practice and Experience, vol. 30, no. 24, Dec. 2018, doi: 10.1002/cpe.4983. 

[37] T. Samad, S. Iqbal, A. W. Malik, O. Arif, and P. Bloodsworth, “A multi-agent framework for cloud-based management of 
collaborative robots,” International Journal of Advanced Robotic Systems, vol. 15, no. 4, Jul. 2018, doi: 
10.1177/172988 1418785073. 

[38] V. V. Bashlovkina, L. V. Boykov, and L. A. Stankevich, “Software communication platform architecture for robots group 
management in autonomous mission,” in 2017 IEEE Conference of Russian Young Researchers in Electrical and Electronic 
Engineering (EIConRus), 2017, pp. 774-778, doi: 10.1109/EIConRus.2017.79 10673. 

[39] M. Badawy, H. Khalifa, and H. Arafat, “New approach to enhancing the performance of cloud-based vision system of mobile 
robots,” Computers & Electrical Engineering, vol. 74, pp. 1-21, Mar. 2019, doi: 10.1016/j.compeleceng.2019.01.001. 

[40] U. Jahn, C. Wolff, and P. Schulz, “Concepts of a modular system architecture for distributed robotic systems,” Computers, vol. 8, 
no. 1, Mar. 2019, doi: 10.3390/computers8010025. 

[41] W. Tanaka Botelho, M. das Gracas Bruno Marietto, E. de Lima Mendes, J. Carlos da Motta Ferreira, and V. Lucia da Silva, 
“Multi-robot system for tracking and surrounding a stationary target: A decentralized and cooperative approach,” in 2017 IEEE 


Int J Elec & Comp Eng, Vol. 12, No. 4, August 2022: 3517-3529 


Int J Elec & Comp Eng ISSN: 2088-8708 O 3527 


[42] 


[43] 


[44] 


[45] 


[46] 
[47] 


[48] 


[49] 


[50] 


[51] 


[52] 


[53] 
[54] 


[55] 


[56] 
[57] 


[58] 


[59] 


[60] 


[61] 


[62] 


[63] 


[64] 


[65] 


[66] 


[67] 


[68] 


[69] 


[70] 


International Conference on Robotics and Biomimetics (ROBIO), Dec. 2017, pp. 793-798, doi: 10.1109/ROBIO.2017.83245 14. 
C. K. M. Lee, B. Lin, K. K. H. Ng, Y. Lv, and W. C. Tai, “Smart robotic mobile fulfillment system with dynamic conflict-free 
strategies considering cyber-physical integration,’ Advanced Engineering Informatics, vol. 42, Oct. 2019, doi: 
10.1016/j.aei.2019.100998. 

K. L. Keung, C. K. M. Lee, and P. Ji, “Mobile robots charging assignment problem with time windows in robotic mobile 
fulfilment system,” in 2019 IEEE International Conference on Industrial Engineering and Engineering Management (IEEM), 
Dec. 2019, pp. 1329-1333, doi: 10.1109/IEEM44572.2019.8978958. 

E. Castelló Ferrer, “The blockchain: a new framework for robotic swarm systems,” in Advances in Intelligent Systems and 
Computing, 2019, pp. 1037-1058. 

O. Bayasli and H. Salhi, “The cubic root unscented kalman filter to estimate the position and orientation of mobile robot 
trajectory,” International Journal of Electrical and Computer Engineering (IJECE), vol. 10, no. 5, pp. 5243-5250, Oct. 2020, doi: 
10.1159 LAjece.v 10i5.pp5243-5250. 

G. Farias, E. Fabregas, E. Peralta, H. Vargas, S. Dormido-Canto, and S. Dormido, “Development of an easy-to-Use multi-agent 
platform for teaching mobile robotics,” IEEE Access, vol. 7, pp. 55885-55897, 2019, doi: 10.1109/ACCESS.2019.2913916. 

M. B. Alatise and G. P. Hancke, “A review on challenges of autonomous mobile robot and sensor fusion methods,” IEEE Access, 
vol. 8, pp. 39830-39846, 2020, doi: 10.1109/ACCESS.2020.2975643. 

S. K. Das, A. K. Dutta, and S. K. Debnath, “Operative critical point bug algorithm-local path planning of mobile robot avoiding 
obstacles,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 18, no. 3, pp. 1646-1656, Jun. 2020, doi: 
10.1159 1/jeecs.v18.13.pp1646-1656. 

E. P. Wahyono, E. S. Ningrum, R. S. Dewanto, and D. Pramadihanto, “Stereo vision-based obstacle avoidance module on 3D 
point cloud data,” TELKOMNIKA (Telecommunication Computing Electronics and Control), vol. 18, no. 3, pp. 1514-1521, Jun. 
2020, doi: 10.12928/telkomnika.v18i3.14829. 

S. K. DAS, “Local path planning of mobile robot using critical-pointbug algorithm avoiding static obstacles,” JAES International 
Journal of Robotics and Automation (IJRA), vol. 5, no. 3, pp. 182-187, Sep. 2016, doi: 10.1159 1/ijra.v5i3.pp 182-189. 

M. A. Mhawesh, Z. H. Al-Tameemi, and O. Muhammed Neda, “Review of mobile robots obstacle avoidance, localization, motion 
planning, and wheels,” Indonesian Journal of Electrical Engineering and Computer Science (IJEECS), vol. 20, no. 2, 
pp. 768-776, Nov. 2020, doi: 10.1159 1/ijeecs.v20.i2.pp768-776. 

W. Zheng, H.-B. Wang, Z.-M. Zhang, N. Li, and P.-H. Yin, “Multi-layer feed-forward neural network deep learning control with 
hybrid position and virtual-force algorithm for mobile robot obstacle avoidance,” International Journal of Control, Automation 
and Systems, vol. 17, no. 4, pp. 1007—1018, Apr. 2019, doi: 10.1007/s12555-018-0140-8. 

N. H. Singh and K. Thongam, “Fuzzy logic-genetic algorithm-neural network for mobile robot navigation: a survey,” 
International Research Journal of Engineering and Technology (IRJET), vol. 4, no. 8, pp. 24-35, 2017. 

A. A. Abu Baker and Y. Ghadi, “Mobile robot controller using novel hybrid system,” International Journal of Electrical and 
Computer Engineering (IJECE), vol. 10, no. 1, pp. 1027-1034, Feb. 2020, doi: 10.1159 1/ijece.v10i1 .pp1027-1034. 

N. A. Shiltagh Al-Jamali and M. Z. Abdullah, “Smart element aware gate controller for intelligent wheeled robot navigation,” 
International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 4, pp. 3022-3031, Aug. 2021, doi: 
10.1159 1Ajece.v 11i4.pp3022-3031. 

A. Abu Baker and Y. Y. Ghadi, “Autonomous system to control a mobile robot,” Bulletin of Electrical Engineering and 
Informatics (BEEI), vol. 9, no. 4, pp. 1711-1717, Aug. 2020, doi: 10.1159 1/eei.v914.2380. 

S. Nurhafizah Anual et al., “GA-based optimisation of a LIDAR feedback autonomous mobile robot navigation system,” Bulletin 
of Electrical Engineering and Informatics (BEEI), vol. 7, no. 3, pp. 433-441, Sep. 2018, doi: 10.1159 1/eei.v7i3.1275. 

T. Hayet and K. Jilani, “A navigation model for a multi-robot system based on client/server model,” in 2016 International 
Conference on Control, Decision and Information Technologies (CoDIT), Apr. 2016, pp. 644-648, doi: 
10.1109/CoDIT.2016.7593638. 

S. Haider Abdulredah and D. Jasim Kadhim, “Developing a real time navigation for the mobile robots at unknown environments,” 
Indonesian Journal of Electrical Engineering and Computer Science (IJEECS), vol. 20, no. 1, pp. 500-509, Oct. 2020, doi: 
10.1159 1/Ajeecs.v20.i1-pp500-509. 

J. Klečka, K. Horak, and O. Boštík, “General concepts of multi-sensor data-fusion based SLAM,” IAES International Journal of 
Robotics and Automation (IJRA), vol. 9, no. 2, pp. 63-72, Jun. 2020, doi: 10.1159 1/ijra.v9i2.pp63-72. 

S. Abdul-Rahman, M. S. Abd Razak, A. H. B. Mohd Mushin, R. Hamzah, N. Abu Bakar, and Z. Abd Aziz, “Simulation of 
simultaneous localization and mapping using 3D point cloud data,” Indonesian Journal of Electrical Engineering and Computer 
Science (IJEECS), vol. 16, no. 2, pp. 941-949, Nov. 2019, doi: 10.1159 L/ijeecs.v16.12.pp941-949. 

H. Ahmad, N. . Othman, M. M Saari, M. S Ramli, M. M Mazlan, and T. Namerikawa, “A hypothesis of state covariance 
decorrelation effects to partial observability SLAM,” Indonesian Journal of Electrical Engineering and Computer Science 
(IJEECS), vol. 14, no. 2, pp. 588-596, May 2019, doi: 10.1159 1/ijeecs.v14.i2.pp588-596. 

K. Cai, C. Wang, J. Cheng, C. W. De Silva, and M. Q.-H. Meng, “Mobile robot path planning in dynamic environments: a 
survey,” Instrumentation, vol. 6, no. 2, pp. 90-100, Jun. 2020, doi: 10.15878/j.cnki.instrumentation.2019.02.010. 

S. Kumar Debnath et al., “A review on graph search algorithms for optimal energy efficient path planning for an unmanned air 
vehicle,” Indonesian Journal of Electrical Engineering and Computer Science (IJEECS), vol. 15, no. 2, pp. 743-749, Aug. 2019, 
doi: 10.1159 1/jeecs.v15.i2.pp743-749. 

S. K. Das, A. K. Dutta, and S. K. Debnath, “Development of path planning algorithm of centipede inspired wheeled robot in 
presence of static and moving obstacles using modified critical-snake bug algorithm,” JAES International Journal of Artificial 
Intelligence (IJ-AI), vol. 8, no. 2, pp. 95-106, Jun. 2019, doi: 10.1159 1/ijai.v8.i2.pp95-106. 

D. M. Badr and A. F. Mahdi, “Path optimization for robots in a constrained workspace,” IAES International Journal of Robotics 
and Automation (IJRA), vol. 8, no. 2, pp. 89-93, Jun. 2019, doi: 10.1159 1Ajra.v8i2.pp89-93. 

G. S. Akhshirsh, N. K. Al-Salihi, and O. H. Hamid, “A cost-effective GPS-aided autonomous guided vehicle for global path 
planning,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 10, no. 2, pp. 650-657, Apr. 2021, doi: 
10.1159 1/eei.v10i2.2734. 

S. K. Debnath, R. Omar, and N. B. Abdul Latip, “Comparison of different configuration space representations for path planning 
under combinatorial method,” Indonesian Journal of Electrical Engineering and Computer Science (IJEECS), vol. 14, no. 1, 
pp. 1-8, Apr. 2019, doi: 10.1159 1/ijeecs.v14.11.pp1-8. 

F. Liu, S. Liang, and D. X. Xian, “Optimal path planning for mobile robot using tailored genetic algorithm,’ TELKOMNIKA 
Indonesian Journal of Electrical Engineering, vol. 12, no. 1, pp. 206-213, Jan. 2014, doi: 10.1159 1/telkomnika.v12i1.3127. 

S. Harun and M. F. Ibrahim, “A genetic algorithm based task scheduling system for logistics service robots,” Bulletin of Electrical 
Engineering and Informatics (BEEI), vol. 8, no. 1, pp. 206-213, Mar. 2019, doi: 10.1159 1/eei.v8il.1437. 


A review of multi-agent mobile robot systems applications (Ammar Abdul Ameer Rasheed) 


3528 O ISSN: 2088-8708 


[71] A. S. Al-Araji, A. K. Ahmed, and M. K. Hamzah, “Development of a path planning algorithms and controller design for mobile 
robot,” in 2018 Third Scientific Conference of Electrical Engineering (SCEE), Dec. 2018, pp. 72-77, doi: 
10.1109/SCEE.2018.8684211. 

[72] M. N. Zafar and J. C. Mohanta, “Methodology for path planning and optimization of mobile robots: a review,” Procedia 
Computer Science, vol. 133, pp. 141—152, 2018, doi: 10.1016/j.procs.2018.07.018. 

[73] A. S. Al-Araji, K. E. Dagher, and B. A. Ibraheem, “An intelligent cognitive system design for mobile robot based on optimization 
algorithm,” in 2018 Third Scientific Conference of Electrical Engineering (SCEE), Dec. 2018, vol. 18, no. 2, pp. 84-89, doi: 
10.1109/SCEE.2018.8684130. 

[74] Y. Yao Ting, H. Sheng Wang, and K. Lan Su, “Path planning of the fire escaping system using active detection module,” JAES 
International Journal of Robotics and Automation (IJRA), vol. 6, no. 1, pp. 21-30, Mar. 2017, doi: 10.1159 1/ijra.v6il pp21-30. 

[75] B. Tang, K. Xiang, M. Pang, and Z. Zhanxia, “Multi-robot path planning using an improved self-adaptive particle swarm 
optimization,” International Journal of Advanced Robotic Systems, vol. 17, no. 5, Sep. 2020, doi: 10.1177/172988 1420936154. 

[76] A. Koubaa et al., “Introduction to mobile robot path planning,” in Robot Path Planning and Cooperation, 2018, pp. 3-12. 

[77] A. Bolu and O. Korcak, “Path planning for multiple mobile robots in smart warehouse,” in 2019 7th International Conference on 
Control, Mechatronics and Automation (ICCMA), Nov. 2019, pp. 144-150, doi: 10.1109/ICCMA46720.2019.8988635. 

[78] J. P. Queralta et al., “Collaborative multi-robot systems for search and rescue: coordination and perception,” SICE Journal of 
Control, Measurement, and System Integration, vol. 10, no. 6, pp. 495-503, Aug. 2020. 

[79] J. P. Queralta et al., “Collaborative multi-robot Search and rescue: planning, coordination, perception, and active vision,” IEEE 
Access, vol. 8, pp. 191617—191643, 2020, doi: 10.1109/ACCESS.2020.3030190. 

[80] C. Kim, J. Suh, and J.-H. Han, “Development of a hybrid path planning algorithm and a bio-inspired control for an omni-wheel 
mobile robot,” Sensors, vol. 20, no. 15, pp. 4258-4380, Jul. 2020, doi: 10.3390/s20154258. 

[81] Q. Li, W. Lin, Z. Liu, and A. Prorok, “Message-aware graph attention networks for large-scale multi-robot path planning,” IEEE 
Robotics and Automation Letters, vol. 6, no. 3, pp. 5533-5540, Jul. 2021, doi: 10.1109/LRA.2021.3077863. 

[82] B. K. Patle, G. Babu L, A. Pandey, D. R. K. Parhi, and A. Jagadeesh, “A review: on path planning strategies for navigation of 
mobile robot,” Defence Technology, vol. 15, no. 4, pp. 582—606, Aug. 2019, doi: 10.1016/j.dt.2019.04.011. 

[83] K. Wardega, R. Tron, and W. Li, “Masquerade attack detection through observation planning for multi-robot systems,” in AAMAS 
*19: Proceedings of the 18th International Conference on Autonomous Agents and MultiAgent Systems, 2019, pp. 2262-2264. 

[84] A. Witsch, “Decision making for teams of mobile robots,” Kassel University, 2016. 

[85] Z. Obdrzalek, “Mobile agents and their use in a group of cooperating autonomous robots,” in 2017 22nd International Conference 
on Methods and Models in Automation and Robotics (MMAR), Aug. 2017, pp. 125-130, doi: 10.1109/MMAR.2017.80468 10. 

[86] S. Yang, X. Mao, S. Yang, and Z. Liu, “Towards a hybrid software architecture and multi-agent approach for autonomous robot 
software,” International Journal of Advanced Robotic Systems, vol. 14, no. 4, Jul. 2017, doi: 10.1177/1729881417716088. 

[87] Z. Obdrzalek, “Mobile agents in multi-agent UAV/UGV system,” in 2017 International Conference on Military Technologies 
(ICMT), May 2017, pp. 753-759, doi: 10.1109/MILTECHS.2017.7988857. 

[88] A. Hentout, A. Maoudj, N. Kaid-youcef, D. Hebib, and B. Bouzouia, “Distributed multi-agent bidding-based approach for the 
collaborative mapping of unknown indoor environments by a homogeneous mobile robot team,” Journal of Intelligent Systems, 
vol. 29, no. 1, pp. 84-99, Dec. 2017, doi: 10.1515/jisys-2017-0255. 

[89] S. Vijjappu, “Distributed decentralised visual SLAM for multi-agent systems,” Kth royal institute of technology, 2020. 

[90] K. Oda, M. Takimoto, and Y. Kambayashi, “Mobile agents for robot control based on PSO,” in Mobile Agents for Robot Control 
based on PSO, 2018, pp. 309-317, doi: 10.5220/0006727303090317. 

[91] P. Anggraeni, M. Mrabet, M. Defoort, and M. Djemai, “Development of a wireless communication platform for multiple-mobile 
robots using ROS,” in 2018 6th International Conference on Control Engineering & Information Technology (CEIT), Oct. 2018, 
pp. 1-6, doi: 10.1109/CEIT.2018.875 1845. 

[92] M. Oprea, “Agent-based modelling of multi-robot systems,’ JOP Conference Series: Materials Science and Engineering, 
vol. 444, Nov. 2018, doi: 10.1088/1757-899X/444/5/052026. 

[93] J. Wu, X. Sun, A. Zeng, S. Song, S. Rusinkiewicz, and T. Funkhouser, “Spatial intention maps for multi-agent mobile 
manipulation,” arXiv preprint arXiv, 12103.12710, Mar. 2021. 

[94] O. V. Darintsev, B. S. Yudintsev, A. Y. Alekseev, D. R. Bogdanov, and A. B. Migranov, “Methods of a heterogeneous multi- 
agent robotic system group control,” Procedia Computer Science, vol. 150, pp. 687-694, 2019, doi: 10.1016/j.procs.2019.02.032. 

[95] P. Pianpak, T. C. Son, Z. O. Toups, and W. Yeoh, “A distributed solver for multi-agent path finding problems,” in Proceedings of 
the First International Conference on Distributed Artificial Intelligence, Oct. 2019, pp. 1-7, doi: 10.1145/3356464.3357702. 

[96] S. Costantini, G. De Gasperis, V. Pitoni, and A. Salutari, “DALI: A multi agent system framework for the web, cognitive robotic 
and complex event processing,” in ICTCS/CILC, 2017, pp. 286-300. 

[97] B. Kada, A. S. A. Balamesh, K. A. Juhany, and I. M. Al-Qadi, “Distributed cooperative control for nonholonomic wheeled mobile 
robot systems,” International Journal of Systems Science, vol. 51, no. 9, pp. 1528-1541, Jul. 2020, doi: 
10.1080/00207721.2020.1765048. 

[98] P. Glotfelter, J. Cortes, and M. Egerstedt, “Non smooth barrier functions with applications to multi-robot systems,” IEEE Control 
Systems Letters, vol. 1, no. 2, pp. 310-315, Oct. 2017, doi: 10.1109/LCS YS.2017.2710943. 

[99] M. H. Mohamad Nor, Z. H. Ismail, and M. A. Ahmad, “Broadcast control of multi-robot systems with norm-limited update 
vector,” International Journal of Advanced Robotic Systems, vol. 17, no. 4, Jul. 2020, doi: 10.1177/172988 1420945958. 

[100] V. Aryai, M. Kharazi, and F. Ariai, ““Nearest zero-point’ algorithm for cooperative robotic search missions,” IAES International 

Journal of Robotics and Automation (IJRA), vol. 6, no. 1, pp. 49-58, Mar. 2017, doi: 10.1159 1/ijra.v6il .pp49-58. 

[101] F. H. Martinez S., F. Martinez S., and H. Montiel A., “Bacterial quorum sensing applied to the coordination of autonomous robot 

swarms,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 9, no. 1, pp. 67-74, Feb. 2020, doi: 

10.1159 1/eei.v9il 1538. 

[102] M. Sinkar, M. Izhan, S. Nimkar, and S. Kurhade, “Multi-agent path finding using dynamic distributed deep learning model,” in 

2021 International Conference on Communication information and Computing Technology (ICCICT), Jun. 2021, pp. 1—6, doi: 

10.1109/ICCICT50803.2021.9510155. 

[103] O. Wahhab and A. Al-Araji, “Path planning and control strategy design for mobile robot based on hybrid swarm optimization 

algorithm,” International Journal of Intelligent Engineering and Systems, vol. 14, no. 3, pp. 565-579, Jun. 2021, doi: 

10.22266/ijies202 1 .0630.48. 

[104] P. Glotfelter, I. Buckley, and M. Egerstedt, “Hybrid nonsmooth barrier functions with applications to provably safe and 
composable collision avoidance for robotic systems,” IEEE Robotics and Automation Letters, vol. 4, no. 2, pp. 1303-1310, Apr. 
2019, doi: 10.1109/LRA.2019.2895125. 


Int J Elec & Comp Eng, Vol. 12, No. 4, August 2022: 3517-3529 


Int J Elec & Comp Eng ISSN: 2088-8708 O 3529 


[105] M. K. Muni, D. R. Parhi, and P. B. Kumar, “Improved motion planning of humanoid robots using bacterial foraging 
optimization,” Robotica, vol. 39, no. 1, pp. 123—136, Jan. 2021, doi: 10.1017/S0263574720000235. 


BIOGRAPHIES OF AUTHORS 


Ammar Abdul Ameer Rasheed © EJ P is currently a lecturer at the Department of 
Computer Engineering, University of Technology, Baghdad, Iraq. He received his B.Sc. degree 
in 1999 in electrical engineering from the AL-Rasheed College of Engineering, University of 
Technology. He received his M.Sc. degree in Computer engineering from the computer 
engineering college in 2005 and now he is a Ph.D. student in the same college. He published 
many research papers. He can be contacted at email: Ammar.A.Rasheed @uotechnology.edu.iq. 


Mohammed Najm Abdullah Ok P is currently an assistant professor at the Department 
of Computer Engineering, University of Technology, Baghdad, Iraq. He received his B.Sc. 
degree in 1983 in Electrical Engineering from the College of Engineering, University of 
Baghdad. He received his M.Sc. degree in Electronics and Communication Engineering from the 
same college in 1989 and his Ph.D. degree in 2002 in Electronics and Communication 
Engineering from the University of Technology. He published many research papers in national 
and international journals and conferences, as well as books. He can be contacted at email: 
mohammed.n.abdullah @uotechnology.edu.iq. 


Ahmed Sabah Al-Araji © EJ BS P has obtained his B.Sc. degree in Control and Systems Eng. 
from the University of Technology in 1997 and an M.Sc. degree in Mechatronics Engineering 
from the University of Technology in 2001. He has finished his Ph.D. degree in Electronics and 
Computer Engineering in the School of Engineering and Design, Brunel University, London, 
UK in 2012. Currently, he is a Professor of Computer Engineering at the University of 
Technology, Baghdad, Iraq. His current project is Cognitive Mobile Robot Control 
Methodologies. He can be contacted at email: Ahmed.s.alaraji@uotechnology.edu.iq. 


A review of multi-agent mobile robot systems applications (Ammar Abdul Ameer Rasheed) 


